The present study evaluated the effects of moderate intakes of myristic acid (MA), at 1·2 % and 1·8 % of total energy (TE), associated with a 0·9 % TE intake of a-linolenic acid (ALA) on lipid and fatty acid profiles and red blood cell membrane fluidity. Twenty-nine monks without dyslipidaemia were enrolled in a 1-year nutritional study in which two experimental diets were tested for 3 months each: diet 1, MA 1·2 % and ALA 0·9 %; diet 2, MA 1·8 % and ALA 0·9 %. A control diet (MA 1·2 %, ALA 0·4 %) was given 3 months before diets 1 and 2. Thus, two different levels of MA (1·2 %, 1·8 %) and ALA (0·4 %, 0·9 %) were tested. Intakes of other fatty acids were at recommended levels. Samples were obtained on completion of all three diets. For fluidity analysis, the red blood cells were labelled with 16-doxylstearate and the probe incorporated the membrane where relaxation-correlation time was calculated. Diet 1 was associated with a decrease in total cholesterol, in LDL-cholesterol, in triacylglycerols and in the ratio of total to HDL-cholesterol; ALA and EPA levels were increased in both phospholipids and cholesterol esters. Diet 2 was associated with a decrease in triacylglycerols and in the ratios of total to HDL-cholesterol and of triacylglycerols to HDL-cholesterol, and with an increase in HDL-cholesterol; EPA levels were decreased in phospholipids and cholesterol esters. Red blood cell membrane fluidity was increased in both diets (P,0·0001), but the higher increase was obtained with diet 1, mainly in the oldest subjects. Intakes of myristic acid (1·2 %TE) and ALA (0·9 %TE), both mainly in the sn-2 position, were associated with favourable lipid and n-3 long-chain fatty acid profiles. These beneficial effects coexisted with particularly high membrane fluidity, especially among the oldest subjects. It has been clearly shown by many epidemiological studies that high saturated fatty acid (SFA) consumption has atherogenic effects and promotes CHD (Keys, 1980; Sandker, 1992; Ascherio et al. 1996) . These effects may be mediated to a certain extent by fatty acid-induced changes in serum lipid levels, especially of LDL-cholesterol or HDL-cholesterol, oxidative status, haemostasis, blood pressure and membrane fluidity. The results of these studies have been used to make specific dietary recommendations for the prevention and treatment of CHD leading to a change in eating habits (Krauss et al. 2000) . Recent data have, however, shown that: each SFA has its own characteristics, so they should not be considered collectively (Hu et al. 1999) ; the atherogenicity of a given SFA might depend on the intake of another fatty acid (e.g. linoleic acid (LIA); Clandinin et al. 2000); certain SFA might increase the synthesis of very-long-chain derivate PUFA (Jan et al. 2004) .
It has been clearly shown by many epidemiological studies that high saturated fatty acid (SFA) consumption has atherogenic effects and promotes CHD (Keys, 1980; Sandker, 1992; Ascherio et al. 1996) . These effects may be mediated to a certain extent by fatty acid-induced changes in serum lipid levels, especially of LDL-cholesterol or HDL-cholesterol, oxidative status, haemostasis, blood pressure and membrane fluidity. The results of these studies have been used to make specific dietary recommendations for the prevention and treatment of CHD leading to a change in eating habits (Krauss et al. 2000) . Recent data have, however, shown that: each SFA has its own characteristics, so they should not be considered collectively (Hu et al. 1999) ; the atherogenicity of a given SFA might depend on the intake of another fatty acid (e.g. linoleic acid (LIA); Clandinin et al. 2000) ; certain SFA might increase the synthesis of very-long-chain derivate PUFA (Jan et al. 2004) .
No study on myristic acid (MA) to date has been conducted with intakes corresponding to those of real life (Tholstrup et al. 1994; Zock et al. 1994; Mensink et al. 2003) . It is widely held that, beyond 4 % of total energy (TE), MA leads to an increase in total and LDL-cholesterol by decreasing the activity of the hepatic LDL-cholesterol receptor. Very few studies have been conducted with lower intakes or by taking into consideration the position of the fatty acid on the triacylglycerol. Only the sn-2 position is the bioavailable form that determines its action and protects it from b-oxidation (Wang & Koo, 1993) . Two previous studies that we conducted in a population of monks (Dabadie et al. 2004 (Dabadie et al. , 2005 showed that intakes of MA at 1·2 % and 1·8 %TE (with intakes of other fatty acids considered appropriate) for 5 weeks were associated with an improved lipid profile and an increase in DHA in cholesteryl esters.
The aim of the present 1-year study was to evaluate the impact of intakes of 1·2 % and 1·8 %TE of MA associated with intakes of a-linolenic acid (ALA) at 0·4 % and 0·9 %TE on lipid profile and red blood cell (RBC) membrane fluidity. The main source of MA intake was milk, where this fatty acid is in the sn-2 position on the triacylglycerol.
Subjects and methods

Subjects
Thirty-two monks from a Benedictine monastery (Randol Abbey) located in the centre of France were enrolled for a 1-year interventional study. Twenty-nine of them were followed until the end of the study. They were between 25 and 85 years old (average 57 years), weighed between 53 and 99 kg (average 71 kg) and had a BMI ranging from 28 to 18 kg/m 2 (average 23 kg/m 2 ). None of them was known to have dyslipidaemia (according to National Cholesterol Education Program. Adult Treatment Panel III) before the study, and none was taking any lipid-lowering drug or medication affecting lipid metabolism. Most took a moderate amount of physical activity (e.g. working in the fields, regular walking). Physical activity and lifestyle were kept unchanged during the study. Anthropometric measurements and blood pressure were obtained for each subject at baseline and at the end of the two dietary periods. The protocol and aim of the study were fully explained to the subjects, and their written consent was obtained. The research protocol was approved by the hospital ethics committee.
Diets
Two different test diets were given to twenty-nine monks for 3 months, each dietary period being separated by 3 months of the subject's usual diet. Both interventional diets (Table 1) provided roughly 8800 kJ/d (2100 kcal/d), 11 %TE of which was from SFA (5·5 % palmitic acid, 2·3 % stearic acid), 15 % from MUFA, 4·5 % from LIA, and 0·9 % from ALA (8 % from PUFA; LIA:ALA ratio 5·2).
Intakes of MA were different in the two interventional diets: 1·2 %TE in diet 1 v. 1·8 %TE in diet 2. The sources of fat for the two interventional diets were rapeseed oil (20 ml/d, 60 % of ALA in sn-2 position) and butter (10 g/ slice) alternating with sunflower margarine (10 g/slice). The MA in diet 1 came from full-cream milk (200 ml/d), whereas in diet 2 it was obtained from a fractionated crystallisation technique (Lactalis Recherche et Developpement, Rétiers, France). In this experimental condition, the MA content of enriched milk was 7·1 g/kg v. 3·6 g/kg in fullcream milk (two-fold greater); the palmitic and stearic acid contents were 13·6 v. 9·1 g/kg and 3·2 v. 4·1 g/kg, respectively.
Except for cholesterol content, which was higher in diet 2 because of a higher concentration in enriched milk (3·7 v. 0·91 g/l), the intakes of carbohydrates, proteins, Ca and vitamins A, E and C were very similar in the two interventional diets (Table 1 ). The composition of the diets was evaluated with the Bilnut program. The menus were designed by a dietitian in accordance with the group's eating habits. Food was prepared daily by a monk in the abbey kitchen. As a measure of compliance, the 7 d intake was analysed once at the end of each diet period to compare the amount of food actually consumed with the amount served.
A control diet, which was the subjects' habitual diet (Table  1) , provided 8800 kJ/d (2100 kcal/d) with 32 % from fat, 11 % from SFA (1·2 % MA, 5·5 % palmitic acid, 2·4 % stearic acid), 13 % from MUFA and 8 % from PUFA (5·5 % LIA, 0·4 % ALA; LIA:ALA ratio 15·2). This habitual diet was consumed before the first intervention diet and for 3 months between diets 1 and 2.
Lipid and fatty acid analysis in plasma
Fasting blood samples were obtained from all twenty-nine subjects at a baseline visit before the initiation of each interventional period and at the end of the two 3-month nutritional interventions. Blood was collected in EDTA and placed immediately on ice; the plasma was then separated. Total lipids were extracted from plasma with 5 ml hexane -isopropanol (3:2, v/v). Total cholesterol, HDLcholesterol and triacylglycerols were analysed enzymatically using a multiparameter automated analyser LX 20 (Beckman-Coulter, France). LDL-cholesterol was calculated using the Friedewald equation. The apo A-I and apo B were measured in the serum using a turbidimetry method kle LX 20.
The plasma fatty acid composition of the phospholipids and cholesteryl esters was determined from 2 ml lipid extract after transformation into isopropyl esters. The isopropyl esters were separated by GC (CG 500; Thermofinnigan, France) using a 50 m Carbowax capillary column (internal diameter 0·32 mm). Column conditions were 1808C for 5 min, increasing by 7·58/min to 2208C for 30 min. The injector was at 608C and the flame ionization detector was at 2508C. It was used as the carrier gas (flow rate 2 ml/ min). The peaks were identified by comparison with reference fatty acid esters (Sigma), and peak areas were measured with an automatic integrator (DP 700; Fisons Instruments, France). The results of each fatty acid were 
LIA, linoleic acid; ALA, a-linolenic acid, P:S, polyunsaturated:saturated; RE, retinol equivalents.
expressed as the percentage of total fatty acids. Fatty acid analyses of enriched and full-cream milks were performed according to the same extraction method, and the results were expressed in g/kg.
Membrane fluidity analysis
The technique used was electron spin resonance (Shinitzky, 1982) with a 16-doxylstearate extrinsic paramagnetic probe. RBC were washed three times in PBS (0·2 M, pH 7·4). They were then labelled with 16-doxylstearate 0·02 M in dimethylsulfoxide. The probe readily incorporated the membrane and labelled the interfacial bilayer area. Cell samples (200 ml) were labelled with 2 ml probe. All the measures were taken at 248C in order to improve the spectral resolution. The relaxation-correlation time (t c ) of the probe embedded in the bilayers was calculated from spectra obtained with a Bruker electron spin resonance spectrometer ECS106 (Wissembourg, France) equipped with a TMH 259 cavity. The central magnetic field value was 3490 Gauss and the frequency was 9·5 GHz. The value of t c was measured in nanoseconds and was directly proportional to the lipid dynamics (i.e. fluidity) according to the Keith equation (Keith et al. 1973) :
Values H þ1 , H 0 and H 21 were the heights of spectrum lines, and v 0 was the width of the main line. Data were obtained by calculating the mean of ten spectra per sample. The t c was the time taken by the probe to cover an arc of 1 rad in a cone inside the studied medium (Seelig, 1970) . Thus, the lower the value t c , the higher the membrane fluidity, and vice versa. The t c depends on the membrane fluidity modulators such as the cholesterol:phospholipid ratio and the nature of the phospholipid fatty acid composition. The presence of cis double bonds enhances fluidity and can be recorded in intact cells labelled with the above probe. The normal range of t c for human erythrocytes is 2·8 -3·8 ns.
Statistical analysis
The Wilcoxon signed ranks test was used to compare plasma lipid and fatty acid levels, and P,0·05 were considered to be significant. Results were expressed as means and standard deviations. Means of separate measurements for each lipid and lipoprotein variable during the control and the two interventional diets were calculated for each subject. All twenty-nine subjects received the control diet for 3 months (measure T 0 ), diet 1 for 3 months (measure T 1 ), the control diet for 3 months (measure T 2 ) and finally diet 2 for 3 months (measure T 3 ). Comparisons of T 0 to T 1 , T 2 and T 3 , T 1 to T 2 and T 3 , and T 2 to T 3 were made. The results were expressed as a means and standard deviations. Pearson's correlation coefficient was used to measure the associations between serum lipid levels and fatty acids in phospholipids and cholesteryl esters after the two interventional diets.
Results
Anthropometric parameters
There was no variation in weight, BMI or blood pressure between the different diets, nor between the beginning and end of the study.
Serum lipids, lipoproteins and apoproteins
Compared with the control diet, diet 1 was associated with a decrease in total cholesterol (P, 0·0001), LDL-cholesterol (P, 0·001), HDL-cholesterol (P,0·05), triacylglycerols (P, 0·05) and apo B (p , 0·05), and in the ratio of total to HDL-cholesterol (P,0·05; Table 2 ). The apo A-I:apo B ratio was higher (P, 0·05).
Diet 2 was associated with a decrease in triacylglycerols (P,0·05) and in the ratios of total to HDL-cholesterol (P,0·05) and of triacylglycerols to HDL-cholesterol (P,0·05; Table 2 ). HDL-cholesterol (P,0·05) and apo A-I levels were higher (P,0·005).
Compared with diet 2, diet 1 induced a lower decrease in triacylglycerols (P, 0·005) and in the ratio of triacylglycerols to HDL-cholesterol (P, 0·05; Table 2 ).
Fatty acids of phospholipids and cholesteryl esters
With regard to phospholipids, diet 1 led to a decrease in levels of MA (P,0·05) and an increase in ALA (P, 0·0001), EPA (P, 0·001) and DHA (P, 0·05). None of palmitic, stearic, oleic, arachidonic or docosapentaenoic acid, or LIA, was modified (Table 3) . Diet 2 led to a decrease in the levels of MA (P, 0·05), EPA (P, 0·001), docosapentaenoic acid (P, 0·005) Variations in daily intakes of myristic and a-linolenic acidsand DHA (P, 0·0001), whereas oleic and ALA levels were increased (P, 0·0001). None of palmitic, stearic or arachidonic acid, or LIA, was modified (Table 3) . Compared with diet 2, diet 1 induced a lower decrease in oleic acid (P,0·0001) and a higher increase in EPA (P,0·0001), docosapentaenoic acid (P,0·001) and DHA (P, 0·0001; Table 3 ). With regard to cholesteryl esters, diet 1 led to a decrease in the level of LIA (P, 0·05) and an increase in ALA (P, 0·001) and EPA (P, 0·001). None of myristic, palmitic, stearic, oleic and arachidonic acid, or DHA, were modified (Table 4) . Diet 2 led to a decrease in LIA (P,0·05) and EPA (P,0·001) and an increase in oleic acid (P, 0·005) and ALA (P, 0·001). None of myristic, palmitic, stearic or arachidonic acid, or DHA, were modified (Table 4) . Compared with diet 2, diet 1 led to a lower decrease in oleic acid (P, 0·005) and a higher increase in EPA (P, 0·0001; Table 4 ).
Stepwise univariate regression showed that MA was positively correlated with ALA in the phosphoplids with diet 1 (r ¼ 0·42, P,0·02) and the control diet (r ¼ 0·46, P, 0·02), but not with diet 2 (Fig. 1) .
Membrane fluidity
In all subjects and irrespective of age, diets 1 and 2 were accompanied by a significant improvement in RBC membrane fluidity (P, 0·0001) and with a higher fluidity in diet 1 compared with the control diet (P, 0·0001; Fig. 2 ). Stratification by age gave superimposable results among those aged above 70 years, those aged between 50 and 70, and those aged under 50, with a higher membrane fluidity for diet 1 (P,0·01). The older the subjects, the higher the fluidity obtained from diet 1: 3·27, 3·38 and 3·43 ns among those aged above 70, 50-70 and under 50 years, respectively (Fig. 2) .
Discussion
The aim of the study was to evaluate over 1 year (four 3-month periods), the influence on lipid profile and RBC membrane fluidity of two levels of intake of MA (1·2 % and 1·8 %TE) associated with two intakes of ALA (0·4 % and 0·9 %TE) both mainly in the sn-2 position. During the study, intakes of palmitic, stearic and oleic acid, and LIA, were 5·5 %, 2·3 %, 11·5 % and 4·5 %TE, respectively, and the LIA:ALA ratio was 5·1. All these intakes are considered to be desirable (Sandker, 1992; Hu et al. 1999) .
In all diets, MA was in the sn-2 position on the triacylglycerol, which is the physiologically active form, is preferentially absorbed by enterocytes in the form of 2-monoglyceride and is immediately bioavailable (Jensen, 1996) . Such intakes of MA, represent not more than 10-15 %TE in the form of dairy fat. Interventional studies concerning MA intake have been performed but with inappropriate levels ranging from 10 % to 52 %TE (Tholstrup et al. 1994; Zock et al. 1994; Kris-Etherton & Yu, 1997; Temme et al. 1997) . Very few studies on MA supplements given in appropriate levels to human subjects have been published: Hughes et al. (1996) studied an intake of 8 g/d stable-isotope-labelled MA that was 3·6 %TE. Another study (Billeaud et al. 1997; Babin et al. 2000) was carried out in premature neonates with experimental milk enriched with ALA and supplying 1·8 %TE in the form of MA mainly in the sn-2 position. Intakes of other fatty acids corresponded to levels considered to be neutral (De Lorgeril et al. 1994; Hu et al. 1999) .
Diet 1 was associated with a decrease in total cholesterol, LDL-cholesterol, HDL-cholesterol, the ratio of total to HDL-cholesterol, triacylglycerols and apo B. Diet 2 was accompanied by an increase in HDL-cholesterol and apo A-I, and a decrease in triacylglycerols and in the ratio of total to HDL-cholesterol. These results are close to recent data (Mozzafarian et al. 2004) in which the highest SFA quartile was associated with the highest levels of HDL-cholesterol and the lowest levels of triacylglycerols, and with a slower progression of coronary lesions. In the Framingham cohort, an inverse relationship has been shown (Gillman et al. 1997 ) between SFA and MUFA (but not PUFA) intake and the incidence of ischaemic strokes, the risk decreasing by 9 % for every 1 % increase in SFA. Furthermore, the ratio of total to HDL-cholesterol now seems to be one of the best predictors of vascular risk as it also includes VLDL-cholesterol, which is positively correlated with CHD.
In the present study, the decrease in the ratio of total to HDL-cholesterol (by 6 %) with intakes of MA of 1·2 %TE and ALA of 0·9 %TE (diet 1) was associated with a greater Table 3 . Fatty acids in phospholipids after the two interventional diets (Values were mean percentage total fatty acids and standard deviations)
Means with unlike superscript letters were signficantly different from the control diet (
decrease in total cholesterol and LDL-cholesterol (falls of 9 % and 10 %, respectively) than HDL-cholesterol (6 % decrease).
On the other hand, with intakes of 1·8 %TE of MA and 0·9 %TE of ALA (diet 2), the decrease in the ratio of total to HDL-cholesterol (of 5 %) was solely due to an increase in HDL-cholesterol (6 % rise). Diet 1 led to an increase in ALA, EPA and DHA in phospholipids and cholesteryl esters. Diet 2 induced an increase in ALA in both phospholipids and cholesteryl esters, whereas EPA, docosapentaenoic acid and DHA were decreased in phospholipids, only EPA was lower in cholesteryl esters. Two previous studies of shorter duration (Dabadie et al. 2004 (Dabadie et al. , 2005 have already shown an increase in ALA, EPA and DHA in phospholipids and cholesteryl esters for intakes of MA of 1·2 % and 1·8 %TE (ALA intakes at 0·9 %TE being identical in all three studies). The rise in ALA with the experimental diets may be explained by intakes of more than two-fold those in the control diet: 0·9 v. 0·4 %TE. Indeed, many studies (Billeaud et al. 1997; Babin et al. 2000; Combe et al. 2002; Dabadie et al. 2004) have clearly shown a positive correlation between intake and the percentage of ALA in cholesteryl esters. In addition, a positive correlation between MA and ALA in phospholipids only with diet 1 points to a specific metabolic channel for these two fatty acids at these levels: both were in the sn-2 position on the triacylglycerol, which protects them against b-oxidation.
An increase in ALA might partly explain the increase in the higher n-3 derivates observed with diet 1, which resulted from the conversion of ALA through the D6 and D5 desaturases.
Furthermore, it has recently been shown in rat hepatocyte cultures that the activity of D6 desaturase can be increased by MA (but not by lauric or palmitic acid) in a dose-dependent manner (Jan et al. 2004) . Considering enzymatic activity, direct acylation of the D6 desaturase by MA could occur as rat D6 desaturase exhibits a potential site of myristoylation (the amino-terminal glycine). Myristoylation of the amino-terminal glycine of NADH cytochrome b 5 reductase is of a co-transcriptional type and could also account for the change in activity of the whole complex of D6 desaturation (Borgese et al. 1996) .
RBC membrane fluidity was very significantly increased among all the subjects with both diets. The best results were obtained among the oldest subjects with diet 1, their membrane fluidity increasing by about 30 % (from 4·17 to 3·27 ns). The average normal t c for human RBC is between 2·8 and 3·8 ns, and a difference of 0·4 -0·5 ns is usually considered significant (Shinitzky, 1982) . Parameters associated with the membrane such as plasticity, deformability and stress resistance were improved when its fluidity was optimised. Thus, all these modifications could have beneficial effects on cerebral vascularisation and could decrease the incidence of stroke. In addition, the improvement of membrane fluidity might be associated with an enhancement of the granulocyte and mononuclear membrane, whose role in atheromatous inflammation is well known (Wallace et al. 2003; Rees et al. 2006) .
These data confirm our previous results obtained in two 5-week studies (Dabadie et al. 2004 (Dabadie et al. , 2005 . When the intake of MA increased from 1·2 % to 1·8 %TE, beneficial lipidic effects were partially lost even if ALA intake was at recommended level (0·9 %TE). This suggests the existence of a U-shaped curve for MA with a favourable turning point at around 1·2 %TE. Contrary to what is often published, as among premature neonates, ALA is indeed transformed to DHA through a synergy between MA in the sn-2 position and ALA in the sn-2 position at physiological levels. The U-curve and synergistic effects were also found for RBC membrane fluidity. Our most recent data obtained in the same population point to a spectacular synergistic effect on plasma lecithin cholesterol acyltransferase activity (Dabadie H & Combe N unpublished results) . We now intend to establish correlations between the structure and composition of RBC membrane lipids and their fluidity. 
